The intestinal epithelium forms a barrier protecting the organism from microbes and other proinflammatory stimuli. The integrity of this barrier and the proper response to infection requires precise regulation of powerful immune homing signals such as tumor necrosis factor (TNF). Dysregulation of TNF leads to inflammatory bowel diseases (IBD), but the mechanism controlling the expression of this potent cytokine and the events that trigger the onset of chronic inflammation are unknown. Here, we show that loss of function of the epigenetic regulator ubiquitin-like protein containing PHD and RING finger domains 1 (uhrf1) in zebrafish leads to a reduction in tnfa promoter methylation and the induction of tnfa expression in intestinal epithelial cells (IECs). The increase in IEC tnfa levels is microbe-dependent and results in IEC shedding and apoptosis, immune cell recruitment, and barrier dysfunction, consistent with chronic inflammation. Importantly, tnfa knockdown in uhrf1 mutants restores IEC morphology, reduces cell shedding, and improves barrier function. We propose that loss of epigenetic repression and TNF induction in the intestinal epithelium can lead to IBD onset.
The intestinal epithelium forms a barrier protecting the organism from microbes and other proinflammatory stimuli. The integrity of this barrier and the proper response to infection requires precise regulation of powerful immune homing signals such as tumor necrosis factor (TNF). Dysregulation of TNF leads to inflammatory bowel diseases (IBD), but the mechanism controlling the expression of this potent cytokine and the events that trigger the onset of chronic inflammation are unknown. Here, we show that loss of function of the epigenetic regulator ubiquitin-like protein containing PHD and RING finger domains 1 (uhrf1) in zebrafish leads to a reduction in tnfa promoter methylation and the induction of tnfa expression in intestinal epithelial cells (IECs). The increase in IEC tnfa levels is microbe-dependent and results in IEC shedding and apoptosis, immune cell recruitment, and barrier dysfunction, consistent with chronic inflammation. Importantly, tnfa knockdown in uhrf1 mutants restores IEC morphology, reduces cell shedding, and improves barrier function. We propose that loss of epigenetic repression and TNF induction in the intestinal epithelium can lead to IBD onset.
inflammation | Uhrf1 | DNA methylation | tumor necrosis factor | zebrafish I ntestinal epithelial cells (IECs) function as a barrier to prevent luminal contents from accessing underlying tissues, and loss of barrier function is a crucial factor leading to the development of inflammatory bowel diseases (IBD) (1) . IBD, including Crohn's disease and ulcerative colitis, are intestinal disorders of poorly understood origin thought to arise from genetic susceptibility, luminal microbiota, immune responses, and environmental factors (2) (3) (4) . A key element in IBD onset is the up-regulation of the proinflammatory cytokine tumor necrosis factor (TNF) by various cell types including immune cells and IECs. TNF overexpression has been detected in the Paneth cells within the epithelium of human IBD patients (5) , and anti-TNF treatments are used successfully to treat patients with Crohn's disease (6) . Previous research in mice has demonstrated that intestinal TNF exposure leads to loss of barrier function (7) , and overexpression of TNF in mouse IECs is sufficient to elicit an IBD phenotype (8) . Despite its pathogenic relevance, the genetic mechanisms regulating TNF expression and IBD onset remain largely unknown.
Genome-wide association studies have identified numerous susceptibility loci associated with IBD including ubiquitin-like protein containing PHD and RING finger domains 1 (UHRF1) and the DNA methyltransferases DNMT1 and DNMT3a (9, 10), which are genes involved in DNA methylation controlling epigenetic transcriptional repression. Moreover, low concordance rates have been observed in monozygotic twin studies (3) , leading to the hypothesis that epigenetic regulation also contributes to IBD pathogenesis. Changes in DNA and histone modifications associated with epigenetic regulation have been detected in IBD patients (3, 4, 9, 11, 12) , but direct links to the IBD intestinal pathology have not been established. However, recent work has shown that IEC-specific deletion of the histone deacetylase HDAC3 results in increased susceptibility to intestinal damage and inflammation, although specific molecular targets remain to be identified (13) .
In this study, we took a forward genetics approach and found that loss of the maintenance DNA methylation regulator uhrf1 leads to hypomethylation of the tnfa promoter and derepression of tnfa. The expression of tnfa in IECs is exacerbated by microbial stimuli and causes cell shedding, a rapid loss of intestinal barrier function and the recruitment of immune cells. Our data suggest that IBD can be triggered by the loss of epigenetic regulation of tnfa in IECs.
Results
To uncover regulators of intestinal barrier function and inflammation in zebrafish, we performed a forward genetic screen to identify mutants with defects in gut epithelium integrity (14) . One of the mutants we identified, aa51.3 pd1092 , presents a significant disruption of the gut epithelium. At 120 h post-fertilization (hpf), the gut epithelium in control wild-type (WT) siblings has a columnar morphology, thick epithelial folds and a well-developed brush border ( Fig. 1 A and B) . In contrast, aa51.3 pd1092 mutants show a flattened epithelium, reduced brush border, cuboidal epithelial morphology, accelerated shedding of cells from the epithelium and an accumulation of cellular debris within the gut lumen ( Fig. 1 A and B) . Analysis of cell death revealed a significant increase in apoptotic IECs in mutants in comparison with WT siblings ( Fig. 1 C and D) . Because accelerated cell shedding can be Significance Inflammatory bowel diseases (IBD), including Crohn's disease and ulcerative colitis, are intestinal disorders of poorly understood origin and are associated with significant morbidity and mortality. A crucial factor associated with IBD onset is the presence of elevated levels of the proinflammatory cytokine tumor necrosis factor (TNF) in the intestine, signified by the use of anti-TNF therapy to treat patients with Crohn's disease. Despite its pathogenic relevance, the mechanisms regulating TNF expression and IBD onset remain largely unknown. Here, we show that loss of epigenetic regulation results in the induction of TNF in the intestinal epithelium, leading to a loss of intestinal barrier function and inflammation. Our results suggest that mutations in genes controlling epigenetic regulators can lead to IBD onset. associated with barrier loss, we assessed whether aa51.3 pd1092 mutants display alterations in barrier function. Fluorescent dextran [f-dextran; 4,000 molecular weight (MW)] gavaged orally (15) into the intestinal lumen of WT zebrafish remained exclusively in the lumen 30 min after gavage ( Fig. 1 E and H) . Disruption of the epithelial barrier through cogavage of EDTA and f-dextran into WT larvae resulted in a rapid, widespread presence of the tracer in the vasculature and intersomitic space (Fig. 1F) . Importantly, ∼40% of the aa51.3 pd1092 mutants displayed f-dextran in systemic circulation following gavage, indicating that mutants have reduced barrier function ( Fig. 1 G and H) .
To isolate the mutated locus in aa51.3 pd1092 , genomic DNA from pools of WT and mutant larvae were subjected to exon capture and sequenced. SNPTrack analysis of the sequencing data (14, 16) revealed a candidate mutation in the splice donor site of exon five in uhrf1, a highly conserved gene that regulates maintenance methylation (Fig. S1 A-A′′) . Using reverse transcription PCR (RT-PCR), a band corresponding to exons three through eight for uhrf1 was amplified from WT cDNA but not from aa51.3 pd1092 mutants, likely due to nonsense-mediated decay of the transcript (Fig. S1B) . Zebrafish mutant for uhrf1 were previously identified in screens for eye and liver defects, although the function of Uhrf1 in the intestine remains unknown (17) (18) (19) (20) . Crossing the aa51.3 pd1092 allele to the previously isolated uhrf1 hi3020 allele resulted in noncomplementation, indicating that aa51.3 pd1092 is a mutated allele of uhrf1 ( Fig. S1 C and D) . Because accelerated cell shedding and apoptosis are hallmarks of IBD, we wanted to determine whether the immune system is overactive in uhrf1 pd1092 mutants. Sudan black staining revealed a significant increase in neutrophil recruitment to the intestine of uhrf1 pd1092 mutants in comparison with WT larvae (Fig. 2 A and B) . To determine whether the neutrophils were infiltrating the intestinal epithelium, the uhrf1 pd1092 line was crossed to Tg(lysC:dsRed) (21), a transgenic line marking neutrophils (22) . In 80% of mutants, neutrophils were observed within the gut epithelium whereas they were never observed in the epithelium of WT siblings, but rather in the mesenchyme surrounding the gut (Fig. 2C) .
To determine whether the intestinal phenotype in uhrf1 pd1092 mutants is associated with increased cytokine-driven inflammation, tnfa, interleukin 1b (il1b), and matrix metallopeptidase 9 (mmp9) expression levels were examined by quantitative real-time PCR (qPCR) in whole WT and mutant larvae. Expression of all three genes was significantly increased in whole larvae (Fig. 2D) . Interestingly, when IECs were isolated by fluorescence-activated cell sorting (FACS), tnfa expression was >60-fold increased in mutants compared with WT, whereas mmp9 was moderately elevated (Fig. 2E ). These data indicate that tnfa induction is highly specific to the gut, whereas mmp9 is induced mostly in extraintestinal cell types.
To analyze the spatiotemporal dynamics of tnfa up-regulation in vivo, we used BAC recombineering to generate a transgenic reporter of tnfa transcriptional activity, TgBAC(tnfa:GFP) (Fig. 2F ). Basal expression in TgBAC(tnfa:GFP) was observed in the eye, brain, dorsal root ganglion neurons, and the posterior gut epithelium ( Fig. 2G and Fig. S2 ). To verify that TgBAC(tnfa:GFP) fish are responsive to inflammatory stimuli in vivo, stable TgBAC(tnfa:GFP) fish were infected with Mycobacterium marinum, a close genetic relative of Mycobacterium tuberculosis and a potent inflammatory stimulus in zebrafish (23, 24) . Although sham-infected fish did not up-regulate TgBAC(tnfa:GFP) expression, fish infected with fluorescently labeled M. marinum showed a robust up-regulation of tnfa:GFP in granulomas surrounding the bacteria, with kinetics similar to what has been observed via qPCR and in situ hybridization (23, 25) (Fig. S3) .
We next crossed uhrf1 pd1092 mutants into the TgBAC(tnfa:GFP) background. At 96 hpf, TgBAC(tnfa:GFP) expression is, as in WT, restricted to posterior IECs in uhrf1 pd1092 mutant larvae. The gut epithelium in mutants at this stage is morphologically indistinguishable from WT siblings, has no excessive cell shedding or apoptosis, normal apico-basal polarization, and proper differentiation of intestinal cell fates (Fig. S4) . Collectively, these results demonstrate that loss of uhrf1 does not affect the initial development or specification of IECs. Beginning around 103 hpf, uhrf1 pd1092 mutants display a significant and specific up-regulation of tnfa:GFP in anterior IECs that grew to a 10-fold induction by 120 hpf (Figs. 2 G, G′, H, and H′ and 3D), well in line with our qPCR data. These data show that the up-regulation of tnfa in the gut epithelium precedes the appearance of defects in epithelial integrity and function in uhrf1 pd1092 mutants ( Fig. 1 A and B) . The late onset of the phenotype is likely due to the presence of maternally loaded uhrf1 at early stages (19) . Further supporting the specificity of the intestinal inflammation phenotype observed in uhrf1 pd1092 mutants, we also detected a dramatic increase in intestinal expression of the tnfa target NFκB in uhrf1 pd1092 ;Tg(NFκB: EGFP) larvae (Fig. S5) .
Luminal microbiota have been implicated in IBD pathogenesis (1). To determine whether microbiota contribute to the observed tnfa elevation in IECs, uhrf1 pd1092 mutants were derived under germ-free (GF) conditions and compared with conventionally raised (CVR) mutant siblings (26 mutant larvae reduced IEC TgBAC(tnfa:GFP) expression in comparison with CVR uhrf1 pd1092 mutants (Fig. 3 B-D) . However, this reduction in TgBAC(tnfa:GFP) expression was still significantly elevated compared with WT ( Fig. 3A) and not accompanied by a reduction in cell shedding or an increase in epithelial cell height in the gut (Fig. 3 D-F) . These data suggest that although microbial colonization of the intestinal tract contributes to the observed TgBAC(tnfa:GFP) elevation, it is not the driving factor underlying the IBD phenotype in uhrf1 pd1092 mutants. To determine whether elevated tnfa expression underlies the IBD phenotype in uhrf1 pd1092 mutants, we obtained and validated a splice-blocking morpholino (27) to knockdown (KD) tnfa expression (Fig. 4A) . Efficient KD of tnfa in genotyped uhrf1 pd1092 mutants decreased Tg(NFκB:EGFP) fluorescence, cell shedding, increased epithelial cell height, and improved barrier function (Fig. 4 B-G) . In agreement with these results, KD of the tnf receptor 1 (tnfr1) also increased epithelial cell height and reduced cell shedding, whereas a control morpholino had no rescue (Fig.  S6) . Altogether, these data indicate that elevation of tnfa in the intestinal epithelium of uhrf1 pd1092 mutants underlies the observed IBD-like phenotype. Interestingly, tnfa KD also resulted in a marked reduction of intestinal tnfa induction in genotyped uhrf1 pd1092 mutants, as visualized by the TgBAC(tnfa:GFP) reporter, suggesting that a positive feedback loop enhances tnfa expression in uhrf1 pd1092 mutants (Fig. 4 B and C) . A primary role of Uhrf1 is to recruit DNMT1 to replicating DNA where it acts to maintain methylation patterns at CpG dinucleotides through replication (28) (29) (30) (31) (32) . In vertebrates, promoters with low CpG density acquire DNA methylation during development (33) , which has been correlated with repression of transcriptional activity (34) and demonstrated to cause promoter silencing (35) . In zebrafish, uhrf1 expression becomes highly enriched in the gut approximately 96 hpf (19) . Given the critical role of uhrf1 in maintaining DNA methylation, we hypothesized that the elevation of tnfa expression observed in uhrf1 pd1092 mutants is triggered by hypomethylation of the tnfa promoter. To test this hypothesis, genomic DNA was extracted from IECs isolated via FACS and seven CpG sites proximal to the tnfa promoter were assessed by bisulfite sequencing (Fig. 5A ). Whereas these sites were >60% methylated in WT siblings, uhrf1 pd1092 mutants had pd1092 larva with TgBAC(tnfa:GFP) in intestinal epithelium. The arrow highlights elevated epithelial expression of TgBAC(tnfa:GFP) in the intestine. The yellow bracket indicates the plane of section for G′ and H′. *P < 0.05, **P < 0.01, ***P < 0.001. Fig. 3 . Microbiota presence enhances tnfa elevation in the uhrf1 pd1092 gut epithelium but is not required for the development of an IBD-like phenotype. (A-C) Confocal images of cross-sections of conventionally raised (CVR) 120 hpf WT (A); CVR 120 hpf uhrf1 pd1092 (B), and germ-free (GF) 120 hpf uhrf1 pd1092 (C) larvae. The arrows in B and C mark cells being shed from the epithelium. (D) TgBAC(tnfa:GFP) fluorescence (measured in arbitrary units, a.u.) under CVR and GF conditions. (E) Cell height measurement under CVR and GF conditions. Cell height is unchanged between CVR and GF mutants. (F) Quantification of cell shedding. Cell shedding was not decreased in GF mutants. Phalloidin, red. (Scale bars: 50 μm.) (D-F: n = 13 WT CVR; n = 9 mutant CVR; n = 11 mutant GF). Bars represent mean ± SEM. Significant differences between the means were detected after an ANOVA. *P < 0.05, **P < 0.01, ***P < 0.0001, n.s., not significant. a marked reduction in methylation at all seven sites (Fig. 5 B  and C) . Similar reductions in methylation signal were observed by using combined bisulfite restriction analysis (COBRA) (Fig. S7) . Interestingly, treatment of zebrafish with 5-azacytidine, an inhibitor of methylation at hemimethylated cytidine residues, has been shown to globally reduce CpG methylation in larvae by half without increasing tnfa expression (36) . Because tnfa levels do not change, there may be a threshold level of demethylation that must be crossed to allow for activation of tnfa.
WT CVR
To further substantiate that loss of the methylation function of Uhrf1 underlies the elevated intestinal tnfa, we obtained a previously published dnmt1 mutant allele (dnmt1 s872 ) (20) . Upon examination of this mutant, we noticed a close resemblance to both another mutant we had recovered in our genetic screen (cc39.3 pd1093 ) and to uhrf1 pd1092 ( Fig. S8 A and B) . Complementation analyses revealed cc39.3 pd1093 is a mutated allele of dnmt1 (Fig. S8A) . Importantly, when the TgBAC(tnfa:GFP) line was crossed into dnmt1 pd1093 mutants, we observed a specific and robust increase in intestinal tnfa at 103 hpf, similar to what we found in uhrf1 pd1092 mutants (Fig. S8 C-E) . While other genes are also hypomethylated in uhrf1 pd1092 mutants (20), we found that knockdown of tnfa was sufficient to rescue the IBD-associated phenotypes in IECs. Thus, hypomethylation of the tnfa promoter and subsequent overexpression of tnfa is a predominant contributor to the IBD phenotype in uhrf1 pd1092 mutants. Here, we propose that loss of DNA methylation and epigenetic repression at the tnfa promoter leads to intestinal barrier loss, inflammation, and IBD (Fig. S9) .
Discussion
In this study, we found that loss of function of the epigenetic regulator uhrf1 results in the induction of tnfa in IECs. This elevation of tnfa is quickly followed by excessive IEC shedding, loss of barrier function, and immune infiltration, which are hallmarks of IBD. This inflammatory scenario is further exacerbated by the presence of microbes and positive feedback of Tnfa stimulating further activation of tnfa in IECs. In IBD patients, TNF expression has been detected in Paneth cells within the intestine by using in situ hybridization (5), and in various immune cell types by qPCR (2) . However, these techniques have limited sensitivity or spatial resolution and do not allow direct live detection of TNF activation. Using a transgenic reporter-TgBAC(tnfa:GFP) -we were able to visualize for the first time to our knowledge the cellular source of Tnfa during (C and E: n = 9, WT; n = 16, mutant; n = 21, mutant + morpholino; D: n = 14, WT; n = 7, mutant; n = 16, mutant + morpholino; F: n = 43, WT; n = 53, mutant; n = 40, mutant + morpholino) Phalloidin, red. (Scale bars: 50 μm.) Results are shown as mean ± SEM. Significant differences between the means were detected after an ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n.s., not significant. intestinal inflammation. Our data clearly demonstrate that in uhrf1 pd1092 mutants, IECs express tnfa before the onset of an IBD-like phenotype, thus placing IECs at the forefront of IBD onset. IEC involvement is consistent with previous work demonstrating that TNF expression in mouse enterocytes is sufficient to trigger an intestinal inflammation phenotype similar to that of Crohn's disease (8) .
The prevailing view on IBD onset is that the immune response to luminal microbiota is a key event in the establishment of inflammation in the gut (2). However, our results clearly demonstrate that although the microbiota contribute to the exacerbation of the inflammatory condition and also likely play a significant role in chronic disease establishment, IBD onset can occur in the absence of microbial input upon derepression of tnfa. Therefore, understanding the mechanisms regulating TNF expression under basal conditions (i.e., absence of microbe-driven inflammation) is key for uncovering the genetic basis of host susceptibility.
Given the potency of TNF, it was intriguing to find tnfa expressed in the distal zebrafish intestine under basal-uninflamed-conditions (Fig. 2G) . We detected a similar pattern of expression in the mouse intestine (Fig. S10) . However, when we compared tnfa expression levels detected by our transgenic reporter and qPCR, we found some differences that suggest posttranscriptional regulation also controls tnfa levels. Whereas in the anterior gut of uhrf1 pd1092 mutants both methods yield similar levels of transcript induction, in the distal gut we detected significantly lower levels of the native transcript compared with tnfa:GFP under basal conditions. These differences likely result from posttranscriptional regulation of the native transcript, mediated by the AU-rich regulatory elements (ARE) of the 3′UTR (8) , which are conserved across species. Additionally, it is also possible that the distal gut in both zebrafish and mice is somewhat refractory to TNF. Thus, the fine regulation of TNF levels in the intestine, and likely also across other tissues, depends on a balance of transcriptional inputs, stimulated by proinflammatory signals from luminal microbiota, repressed by DNA methylation, and subject to posttranscriptional regulation of the transcript. Identifying the molecular machinery controlling TNF stability through its ARE and how this machinery is regulated by genetic and environmental factors will be key for understanding the onset and outcome of inflammatory conditions such as IBD.
Numerous genetic studies have tried to identify genes implicated in IBD onset, and more than 160 susceptibility loci have been implicated in IBD, yet these loci only account for a small fraction of disease heritability (10) . Accumulating evidence has also pointed to epigenetics as an important factor (3). Importantly, genome-wide association studies of Crohn's disease and ulcerative colitis patients have identified SNPs near UHRF1, DNMT1, and DNMT3a (37, 38) , suggesting that alterations in these genes may lead to IBD. Although alternative roles for UHRF1 including cell cycle regulation and histone ubiquitylation have been identified (39) (40) (41) , up-regulation of tnfa in the intestine of both uhrf1 pd1092 and dnmt1 pd1093 mutants strongly suggests that it is the loss of DNA methylation at CpG dinucleotides at the tnfa promoter that leads to elevated tnfa expression. Our work illustrates a simple and direct mechanism in which epigenetics and environmental factors such as microbiota converge on TNF to trigger IBD onset. The ability to combine forward genetics and live imaging makes the zebrafish model a powerful tool to dissect the mechanisms controlling TNF expression and IBD onset.
Materials and Methods
Fish Stocks. Zebrafish were maintained at 28°C and mated as described (42) . The following zebrafish lines were used for this work: AB/TL, EK, Tg(lysC:dsRed)nz50 (21), uhrf1 hi3020 (17, 18) Tg(NFkB:EGFP)nc1 (43), Tg(−4.5ifabp:DsRed)pd1000 (43), TgBAC(anxa2b-RFP)pd1113, TgBAC(cldn15la-GFP)pd1034 (qPCR) (44) , TgBAC(tnfa:GFP)pd1028, and aa51.3 pd1092 (this study) and cc39.3 pd1093 (this study).
Mutagenesis, Genetic Screen, and Mapping. The aa51.3 pd1092 mutant was identified from a published three-generation forward genetic N-ethyl-Nnitrosurea screen (14) . Isolation of the affected locus in the aa51.3 pd1092 mutant was performed by using the Agilent SureSelect solution-based zebrafish exon-capture kit (14) and SNPTrack for linkage analysis (16) . A splice site mutation in uhrf1 was confirmed via amplification of uhrf1 exons three through eight by using RT-PCR (Invitrogen) with the following primers: uhrf1 exon 3, 5′-ACGACATCGTTCAGCTGTTG-3′; uhrf1 exon 8, 5′-AGTCTTCGT-CGTCGGGTATG-3′. Mutant allele genotyping was performed by AvaI digestion using the following primers: uhrf1-5′F: 5ʹ-CACCCCAATTTCCTCTTGAA-3′ʹ; uhrf1-3′R: 5′-CAATCATCAGCACTTTTAATAGCTT-3′.
BAC Recombineering and Transgenesis. A BAC containing the upstream sequence and first exon of tnfa (CH211-176D22) was modified as described (45) . Recombination was performed to replace the tnfa start site with GFP by using the following homology primers: tnfa 5ʹ homology, 5ʹ-CCTTATCAA-AAGCATTTACACTTGTAGAATCTTTAAGACATACAGCAATTATGGTGAGCAAG-GGCGAGGAG-3ʹ; tnfa 3ʹ homology, 5ʹ-TAAAGGCAACTCTCCTTCTTCAACAT-CCAAAAACGCCCGACTCTCAAGCTTATTGGAGCTCCACCGCGGTG-3ʹ. Immunofluorescence and TUNEL. Transverse agarose cross-sections were cut on a Leica VT1000S vibratome and stained as described (ref. 47 and SI Materials and Methods). TUNEL was then performed by using the ApopTag Red in situ apoptosis detection kit (Millipore).
Embryo Dissociation and FACS. Embryo dissociation and FACS was performed as described (44) RNA Isolation and qPCR. RNA isolation and cDNA synthesis for qPCR was performed as described (44) . qPCR was performed by using a Roche LightCycler carousel-based system and the Roche LightCycler FastStart DNA Master PLUS SYBR Green I. For each zebrafish qPCR experiment, samples were run as technical duplicates from six independent experiments for tnfa on sorted cells, five independent experiments for mmp9 on sorted cells, and four independent experiments for whole embryos. Expression levels were normalized to elfa. For mouse qPCR experiments, RNA was isolated from epithelial sheets from the mouse proximal, medial and distal small intestine, and the colon, and cDNA was synthesized as previously described (44) .
M. marinum Infection. TgBAC(tnfa:GFP) incrosses were infected at 48 hpf through caudal vein injections by using single-cell suspensions of M. marinum (strain M, carrying msp12:tdTomato) or mock infected with an arterial injection of 7H9 media alone as described (23, 24) . Larvae were imaged at 3 d after infection by using a Zeiss Axio Observer.
Gnotobiotic Husbandry. Methods for derivation and maintenance of gnotobiotic zebrafish have been described (26) . Fish were derived germ free and compared with conventionally raised clutchmates; animals were not fed during this experiment.
Morpholino Knockdown. The antisense splice-blocking morpholino against tnfa (5′-GCAGGATTTTCACCTTATGGAGCGT-3′; GeneTools) was previously validated and its efficacy was confirmed for this study (Fig. 4A) (27) . The tnfa morpholino was diluted to 0.11 mM, and embryos were injected at the one-cell stage with 3 nL (total: 3 ng per embryo) in the aa51.3 pd1092 ;TgBAC(tnfa:GFP) background. Larvae were then fixed at 103 hpf to analyze gut morphology or gavaged at 103 hpf to assay barrier function. The previously published and validated tnfr morpholino (5′-CTGCATTGTGACTTACTTATCGCAC-3′; GeneTools) (49, 50) was diluted to a concentration of 0.33 mM and 2 nL (total: 5.5 ng per embryo) injected into each embryo. A standard control morpholino (5′-CCTCTTACCTCAGTTACAATTTATA-3′; GeneTools) injected at the same concentration as the tnfa morpholino.
Bisulfite Sequencing. Bisulfite conversion of genomic DNA was performed by using the EZ DNA Methylation Direct kit (Zymo Research). The region of the tnfa promoter that we selected meets the criteria for a region of low to intermediate CpG density, while at the same time encompassing the majority of CpG dinucleotides within 1 kb upstream of the tnfa transcriptional start site. The arrangement of CpGs in this region is highly similar to the architecture observed in the human TNF promoter (51) . The zebrafish tnfa promoter (−999 to −620 bp) was amplified from bisulfite converted DNA by using the following primers: GGGAATTGGTATTGGTTTTATT and CAATT-TAATACRATTTACTCCTCAC followed by the primers GGTTGTTTTAATTTAA-ATTTGGG and ATTTACTCCTCACCTAATAA. The amplified DNA was purified and cloned into the pGEM-T easy vector (Promega), and 10 clones were sequenced for WT and mutant in biological duplicate. QUMA (52) was used to analyze biological replicates of the bisulfite sequencing data.
COBRA was performed by digesting the amplified DNA with TaqαI (−721 bp). The TaqαI cut site is maintained following bisulfite conversion only if the site is methylated. Therefore, digestion of the amplified DNA indicates methylation at this site.
Statistical Analysis. Data are presented as the mean ± SEM. Zebrafish studies were not performed in a blinded fashion. Statistical analyses were performed by using Prism, version 6.0e (GraphPad Software). Statistical differences in barrier function, epithelial cell height, cell shedding, cell death, and TgBAC(tnfa:GFP) fluorescence were analyzed by using a Student's t test after an ANOVA was performed to confirm statistically significant differences among the means for each experiment. For qPCR, graphs represent fold change in mutant versus WT expression levels. A Student's t test was performed to determine statistical significance. A P value <0.05 was set as the threshold for statistical significance.
Barrier assay, antibodies and imaging approaches, embryo dissociation, and FACS procedures and qPCR primers are detailed in SI Materials and Methods.
